Multifunction Phased Array Radar:
Technical Synopsis, Cost Implications,
and Operational Capabilities

Mark Weber, John Cho, Jeffrey Herd
Massachusetts Institute of Technology Lincoln Laboratory

2 May 2007

MIT Lincoln Laboratory



National Air Survelllance
Infrastructure
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® 3 genuses, 8 species * Multi-mission active electronically
* Mission-specific designs scanned array radar
e Operated/maintained by FAA * Consolidates life-cycle support
and NWS. Also used to Infrastructure
support DoD/DHS missions * Eliminates key single-point of failure

items (mechanical drive, TX)
* Improved operational capabilities
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Capability Requirements

Coverage

Scan rate

Angular Resolution
Target Cross Section

Multi-Function Phased Array Radar
Concept Definition Study

v

Multi-Function Radar

Configuration
Aperture
Beam Scheduling
Power
Waveform/Processing

\’ Network Configuration

Number of Radars
Locations
Aperture Sizes

Capabilities

Y

Cost

\ 4

/
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Component Design

TR-Elements
Sub-arrays
Transceivers
Digital beamformer
Data processor
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Current Surveillance Radar Capabilities

Maximum Range | Required Coverage Angular Scan
for Detection of Resol. Waveform* Period
1m? Target

Range  Altitude Az El

Terminal Area >18 pulses s \
5 sec

Aircraft 60 nmi 60 nm 20,000 1.4° 5° PRI ~ 0.001 sec
Surveillance
(ASR-9/11)
En Route >10 pulses
Aircraft 205 nmi 250 nm 60,000' 1.4° | 2.0° | PRI ~0.001 sec 12 sec

Surveillance
(ARSR-4) N /

Terminal Area ﬁz \ /“\ ~50 pulses
Weather / nmi \ 60 nmi 20.000" 1° | 05° \ﬁm ~0.001 sec 180 sec

(TDWR)

T\

En Route \
Weather

/ 50 pulses
225 nmi 250 nmi 50,000 1° 1° Rl ~ 0.001 sec >240 sec
(NEXRAD) \_/

Weather surveillance drives requirements for radar power and aperture size

Non-cooperative aircraft surveillance can be provided using active array technology to
achieve necessary volume scan update rates
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National Surveillance Radar Networks
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ARSR-1/2
ARSR-3
ARSR-4
ASR-9
ASR-11
TDWR

¢ NEXRAD

* o m e
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Airspace Coverage Analysis
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e U.S. airspace data-base developed to evaluate MPAR network coverage (line
of sight, minimum detectable target cross section, spatial resolution).
Minimum required coverage based on current radar networks.
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W 0w
High resolution (100 m) terrain data
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&) CONUS Coverage

Current Air Surveillance Coverage Multifunction Radar Coverage

510 Total Radars, 8 types ==l 334 Total Radars, 1type*
35% reduction

Blue: weather radars only *Two tiered: Full-size MPARs and terminal-area MPARS

@ 5000 ft AGL
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Outline
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K&K

* Required capabilities

==>e¢ MPAR concept design

— Architecture
— Transmitter peak power
* Capability improvements
— Weather surveillance
— Non-cooperative aircraft surveillance

* Cost model
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Concept MPAR Parameters
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A

* Transmit/Receive Modules
Wavelength: 10 cm (2.7-2.9 GHz)
Bandwidth/channel: 1 MHz
Frequency channels: 3
Pulse length: 1-100 ps
Peak power/element: 1-10 W

Aircraft Surveillance

e Active Array (planar, 4 faces)
Diameter: 8m
TR elements/face: 20,000
Dual polarization
Beamwidth: 0.7° (broadside)
1.0° (@ 45°)

Non-cooperative N
target tracking and Gain: > 46 dB
characterization

Weather
Surveillance

* Overlapped sub-arrays support
parallel receive pencil beams
(~50 total)
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Switched
Dual-Pol
Radiators
izing

T/R Modules

Channel
tal Beamformer

Beam Clusters

igi

Analog Beamformer
D

Subarray Transceivers ---{D
Radar Signal Processor
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&l TR Module Peak Power Considerations
* Sensitivity ~ PpN3T MPAR Weather Sensitivity

* TR Module cost ~ P, 0 g g 1 g g

=>Keep P, small, | ' MPAR |
Increase N and
lengthen 1 as needed

e Utilize pulse
compression for
range resolution

1 W/ element

4
o
T

STC Limiter "

I
I
o

I

o

o
i

* Long trequires short
“fill” pulse for close-
range terminal-area

Min. Detectable Reflectivity (dBZ)

_40 ......... SEEEEEREEEEELE (EEEEEE AR .......................................... -
surveillance Compression ratio=10 |
0 5 10 15 20 25 30
Ranae rkmi
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=1 MPAR Minimum Detectible Weather Reflectivity
‘ versus Pulse Compression Ratio

10 ...... wy T TR L T T -

N L : Long range (storms)
H‘-H"'\l— -'..l-"'ll._ :
L e T e

-“.‘-—.‘h—";-— _.---'-"-'--.
0 ..................... h““.:h_‘--‘—-‘—_-— ______
: B —— Derived requirements based on
TDWR, NEXRAD capabilities
—1|:| .....................................................................

Near aéirport (wind shear)

..............................................................................

1
M
Lo

— 2 W/ element

Min. Detectable Reflectivity (dBZ)

BOrf RTERTTEIPPIERTRTIOY L i
@ end of fill-pulse range 4 W / element
: — 8 W/{element
-40 ' '
0 50 100 150

Pulse Compression Ratio

2W peak power TR element with 30 ps long-pulse and
1 us fill-pulse meets sensitivity requirements
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* Required capabilities
* MPAR concept design

— Architecture
— Transmitter peak power

===>e (Capability improvements

— Weather surveillance
— Non-cooperative aircraft surveillance

* Cost model
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Weather Surveillance Capability
Improvements

T . A

o |}
Eaae

e Rapid and adaptive
scanning

— Quicker update on fast-
evolving hazards

— Improved time-
resolution for cloud-
scale NWP models

* Beam steering, shaping,
and nulling
— Reduced clutter and
blockage

* Spaced antenna
Interferometry
— Cross-beam velocity,

shear, and turbulence
estimation
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Non-cooperative Target Surveillance:

A,
9,

R

- 3D Tracking
Current FAA primary 600 .MPAR \.Nlth MO?OpUIse.
radars do not measure
target altitude 500 - g
MPAR would provide
height measurement for | & aoof ]
non-cooperative targets 5
— Reduces false-track L.,'j 3007 i
initiation substantially | 5
— Improves capability to | T 2007 1
monitor Separation for ATCRBS reply quantization
non-cooperative 100 ————#L—————— LT T T
targets Mode S reply quantization
00 20 40 60 80 100

Range (nmi)
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Non-cooperative Aircraft Surveillance:
Target ID

Notional MPAR Modes Including Target ID

Notional HDV+HRR Spectral ID Image Range Soppier
Encie . Mode PRF | Bandwidth Resolution|Resolution Integration
300 gine Harmonics (kHz)| (MHz) (m) (Hz) Time (ms)
- /\ Wide Area
?200 Fuselage -] Surveillance| 1 1 150 20 50
€ 100 ";“ (WAS)
> 0 | |High Doppler
3 I Velocity 15 1 150 2 500
HDV
= 100 Clutter (HDV)
> High Range
200 Resolution | 1 200 1 10 100
(HRR)
300
HDV + HRR | 15 200 1 2 500
0O 10 20 30 40 50 60 70 80 90

Relative Range (m)

e Target ID (HDV and HRR) modes cannot operate concurrently
with Wide Area Surveillance modes

® Could be used intermittently during WAS without significant
impact on radar timeline
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* Required capabilities
* MPAR concept design
— Architecture
— Transmitter peak power
* Capability improvements
— Weather surveillance
— Non-cooperative aircraft surveillance

=>e (Cost model
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&) Military TR-Module Evolution

Separate Single Quad-Pack 64 Element
Tand R T/R T/R T/R Tile

F-15 (V)2 F/A-18 E/F  Space Based Radar
(2000) (2005) (Prototype)

~$200 / element

~$2000 / element
(2010)

(1990)

Increasing Levels of Integration
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S Wireless Communication Bands

GPS PCS WiFi802.11b,9 \wimAX 802.16 WiFi 802.11a
Bluetooth
/ \ l l FAA/NOAA l l
[ ]
1 GHz 2 GHz 3 GHz 4 GHz 5 GHz

* Many low-cost WiFI/WIMAX devices cover FAA/NOAA
surveillance band

* Projected 2008 sales volume $3.6B
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3 Lincoln MPAR Subsystem Design

(Based on WiFi Technology)

Scalable Brick Architecture

Patch
Radiators

Standardized
Electronics
Chassis

Dual Polarized Stacked Patch
Antenna

Cost: $1.25

Ultra-Low Cost Dual Mode
T/R Module

Overlapped
Subarray

Board
Cost: $63

2007 ICNS-20
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Overlapped Subarray
Beamformer

0

|deal
— EM simulation

Subarray
Pattern

-10

-20

-30

Antenna Gain (dB)

-40

% 0 30 ] 30 80 a0
Angle (deg)

Board Layout
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MPAR Cost Model

KX
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Equivalent Parts Cost per TR-Element
Second Generation
Full-Scale Prototype

Component Pre-Prototype

Antenna Element
T/R Module

Power, Timing and Control

Digital Transceiver

$63.00
Digital Beamformer $18.00
$105.00

Analog Beamformer

Mechanical/Packaging

RF Interconnects
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Summary
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* MPAR “requirements” derived from current surveillance
radar capabilities

* Detailed conceptual design developed
— Radar configuration and CONUS network

— Allows for definition of surveillance capabilities and
assessment of costs

* Ongoing primary radar “alternatives analysis” effort
— Quantify surveillance benefits vis a vis legacy configuration
— Compare life-cycle costs
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